The WRKY-type transcription factors are involved in plant development and stress responses, but how the regulation of stress tolerance is related to plant development is largely unknown. GsWRKY20 was initially identified as a stress response gene using large-scale Glycine soja microarrays. Quantitative reverse transcription-PCR (qRT-PCR) showed that the expression of this gene was induced by abscisic acid (ABA), salt, cold, and drought. Overexpression of GsWRKY20 in Arabidopsis resulted in a decreased sensitivity to ABA during seed germination and early seedling growth. However, compared with the wild type, GsWRKY20 overexpression lines were more sensitive to ABA in stomatal closure, and exhibited a greater tolerance to drought stress, a decreased water loss rate, and a decreased stomatal density. Moreover, microarray and qRT-PCR assays showed that GsWRKY20 mediated ABA signalling by promoting the expression of negative regulators of ABA signalling, such as AtWRKY40, ABI1, and ABI2, while repressing the expression of the positive regulators of ABA, for example ABI5, ABI4, and ABF4. Interestingly, GsWRKY20 also positively regulates the expression of a group of wax biosynthetic genes. Further, evidence is provided to support that GsWRKY20 overexpression lines have more epicuticular wax crystals and a much thicker cuticle, which contribute to less chlorophyll leaching compared with the wild type. Taken together, the findings reveal an important role for GsWRKY20 in enhancing drought tolerance and regulating ABA signalling.
Introduction
Drought stress can alter physiological processes and exert multiple effects on plant growth; plants also evolved versatile adaptive mechanisms to survive or tolerate drought stress. The most noticeable changes are expression of stressrelated genes, accumulation of metabolites such as abscisic acid (ABA), synthesis of osmoprotectants and antioxidants, maintenance of root growth and water uptake, and adjustments of aerial development (Krasensky and Jonak, 2012) . During long-term evolution, physiological traits related to adjustments of aerial development evolved to enhance plant drought stress tolerance, for example adjustments of stomatal development, including the aperture, closure, size, and density, which is the primary defence mechanism that prevents water loss under drought stress (Sirichandra et al., 2009) . Notably, recent studies have revealed that the cuticle is also closely associated with drought tolerance (Buschhaus and Jetter, 2011; Seo et al., 2011) .
ABA can induce stomatal closure for maintainenance of the water status in plant cells under water deficit conditions, and has a profound relationship with drought responses (Cutler et al., 2010) . A number of transcription factors (TFs) and their target genes are involved in mediating ABA signal transduction and have been shown to regulate many molecular and cellular responses. ABA signal is perceived by ABA receptors which can trigger downstream signalling cascades to induce the further physiological responses. To date, several different ABA receptors have been identified (Cutler et al., 2010) . GTG1 and GTG2 are a novel class of G-protein-coupled plasma membrane receptors, which can interact with GPA1 to regulate ABA signalling (Pandey et al., 2009) . However, the role of GTG1 and GTG2 as ABA receptors has been questioned, due to concerns about the ABA binding assays used (Risk et al., 2009) , and gtg1 gtg2 double mutants all fail to show any ABA phenotypes (Jaffe et al., 2012) . PYR/PYL/ RCAR proteins function as cytosolic ABA receptors (Park et al., 2009) . In the presence of ABA, they bind to PP2Cs (ABI1, ABI2), release the inhibition by PP2Cs of SnRK2 protein kinases, and subsequently activate downstream TFs such as ABFs and ABI5. CHLH/ABAR, a chloroplast and cytosolic protein, was reported to function as a receptor for ABA in Arabidopsis (Shen et al., 2006) . Most recently, ABAR has been shown to interact with a group of WRKY TFs which directly inhibit the expression of ABA-responsive TFs, such as ABI5, and further regulate many key genes involved in ABA-induced physiological and developmental responses (Shang et al., 2010; Liu et al., 2012) . Although the mechanism of action of ABAR has not been convincingly characterized since two groups have failed to show ABA binding by barley or Arabidopsis ABAR (Muller and Hansson, 2009; Tsuzuki et al., 2011) , the detailed mechanisms of abundant ABA-controlled processes regulated by Arabidopsis ABAR provide additional information on the complex ABA signalling process.
WRKY proteins comprise one of the largest families of TFs in plants (Chen et al., 2012) . The defining feature of WRKY proteins is the highly conserved 60 amino acid long WRKY domain, which contains a conserved amino acid sequence motif WRKYGQK at the N-terminus, and a C2H2 or C2HC zinc-finger motif at the C-terminus (Ülker and Somssich, 2004) . Studies have demonstrated that WRKY TFs are involved in various biotic stress responses, and developmental and physiological processes, including embryogenesis, seed coat and trichome development, leaf senescence, regulation of biosynthetic pathways, and hormone signalling (Rushton et al., 2010) . Currently, WRKY TFs are also suggested to be involved in regulating plant responses to abiotic stress such as drought and salt stress, and ABA signalling (Chen et al., 2012; Liu et al., 2012; Rushton et al., 2012) . For example, AtWRKY40 can directly inhibit the expression of several well-known ABAresponsive genes, such as ABF4 and ABI5, and function as a negative regulator of ABA signalling in seed germination and post-germination growth . AtWRKY63 (ABO3) plays an important role in plant responses to ABA and drought stress, and mutants of AtWRKY63 exhibit less drought tolerance and more sensitivity to ABA; single and double mutant analysis indicates that ABO3 may act at, or upstream of, ABI1, ABI2, ABI3, and ABI5 (Ren et al., 2010) . OsWRKY45 also play roles in ABA signalling and drought tolerance in rice (Tao et al., 2011) . Taken together, these studies demonstrate that WRKY TFs play key roles in ABA and drought-responsive signalling networks.
In spite of the progress made in the characterization WRKYs, the biochemical and physiological functions of most specific plant WRKYs are still poorly characterized. Yet, the effects of overexpressing WRKYs on plant stress tolerance have yet to be tested, especially in soybean, although there are few reports investigating the role of WRKY TFs in stress, in particular GmWRKY54 and GmWRKY13, which act as positive and negative regulators of salt and drought tolerance, respectively (Zhou et al., 2008) . In wild soybean, understanding of the function of WRKY TFs is still limited. In addition, how WRKY TFs regulate responses through alteration of plant developmental traits is largely unknown.
In this study, it was determined that although the overexpression of GsWRKY20 renders plants less sensitive to ABA in seed germination and seedling growth, they become more ABA sensitive in guard cells, with a decreased water loss rate and stomatal density, thus exhibiting a greater tolerance to drought stress. Microarray and quantitative reverse transcription-PCR (qRT-PCR) analysis revealed that GsWRKY20 mediated ABA signalling by the regulation of expression of several key ABA-responsive genes. Moreover, GsWRKY20 enhanced the expression of a group of wax biosynthetic genes and increased cuticular wax biosynthesis. These results reveal an important role for GsWRKY20 in enhancing drought tolerance and regulating ABA signalling.
Materials and methods

Plant materials, growth conditions, and stress treatments
To examine the effects of ABA and stress conditions on GsWRKY20 gene expression, seedlings of Glycine soja L.G07256 were prepared and stress treatments were performed as described previously (Luo et al., 2012) . Equal amounts of leaves and roots under both treatment and control conditions were sampled at 0.5, 1, 3, and 6 h.
Arabidopsis (Arabidopsis thaliana ecotype Columbia-0) used for transformation were grown in a greenhouse under controlled environmental conditions (21-23 °C, 100 μmol photons m -2 s -1 , 60% relative humidity, 16 h light/8 h dark cycles). For the expression analysis of Arabidopsis ABA-responsive marker genes, 3-week-old wild-type (WT) and GsWRKY20 overexpression line #28 transgenic plants were harvested from 0.5× MS agar plates, and then subjected to treatment with 100 μM ABA [(±)-cis, trans-ABA, Sigma], or 15% (w/v) polyethylene glycol (PEG) 6000 to simulate drought stress. Samples were taken from three biological replicates at the indicated time after treatment.
Isolation and sequence analysis of GsWRKY20
The full-length cDNA of GsWRKY20 was retrieved by homologous cloning. The cDNA of G. soja L.G07256 was prepared as previously described (Luo et al., 2012) . The full-length cDNA of GsWRKY20 was obtained using gene-specific primers FW5'-GAAGAGCATCATCTACGACCATT-3' and RV 5'-GCTGTCTGAAATTGTCCCGT-3'. The PCR products were cloned into the pGEM-T cloning vector (Promega, Madison, WI, USA) and subjected to sequencing. Sequence alignments were performed with ClustalX. Phylogenetic analysis was performed using MEGA 4.0.
Analysis of transcript levels
qRT-PCRs were performed in 96-well plates on an Applied Biosystems 7500 Real-Time PCR system using the SYBR Green Master Mix in a total volume of 25 μl. The reactions were performed in biological triplicates using RNA samples extracted from three independent plant materials and gene-specific primers designed using Primer5 software listed in Supplementary Table S1 available at JXB online. Expression levels for all candidate genes were determined using the 2 -ΔΔCT method; relative transcript levels were calculated and normalized as described previously (Willems et al., 2008) .
Protein subcellular localization assay
The CDS (coding sequence) of GsWRKY20 was amplified from pGEM-T-GsWRKY20 (described above) by PCR with BamHI and SpeI linker primers (using primer pair F: 5'-TAATATGGATCCGATGGAGAGTGACTTGAGCTG-3' and R: 5'-AATTATTACTAGTGCACAAAAATCCTGGGGTAT TG-3'; the underlined nucleotide sequence indicates the BamHI and SpeI restriction enzyme cutting site, respectively) and cloned into the pCAMBIA1302 vector. The recombinant GsWRKY20-green fluoresent protein (GFP) fused plasmid was introduced into onion epidermal cells by particle bombardment. GFP analysis was performed as described previously (Gong et al., 2002) .
Transcriptional activation assay
The CDS of GsWRKY20 was amplified by PCR with EcoRI and SacI linker primers (using primer pair F: 5'-ATTATTAATGAATTC ATGGAGAGTGACTTGAGCTGGGA-3' and R: 5'-TATATAATT GTCGACGGCACAAAAATCCTGGGGTATTGA-3'; the underlined nucleotide sequence indicates the EcoRI and SacI restriction enzyme cutting site, respectively) and cloned into the pGBKT7 vector. The positive control pGBKT7-GsDREB and the negative control pGBKT7 (empty vector) were transformed into yeast strain Y187. Transcriptional activation was analysed according to the methods described previously (Yang et al., 2010) .
Plasmid constructs and plant transformation
The 35S::GsWRKY20 plasmid was constructed by amplifying the entire CDS of GsWRKY20 by PCR with BamHI and SpeI linker primers and cloned into a binary vector pFGC1008 (using the primer pair F: 5'-ATTGGATCCCATCATCTACGACCATTTTG-3' and R: 5'-GCG ACTAGTGTCCCGTTTTATGAAGACTAC-3'; the underlined nucleotide sequence indicates the BamHI and SpeI restriction enzyme cutting site, respectively). The resulting vector was mobilized into Agrobacterium tumefaciens strain LBA4404. Transformation of Arabidopsis plants was carried out by floral-dip. The T 1 transgenic plants were selected on 0.5× MS agar plates containing 30 mg l -1 hygromycin. Seeds from each T 1 plant were individually collected. Selected T 2 plants were propagated, and homozygous overexpression lines were confirmed by RT-PCR analysis.
ABA and drought tolerance assays
For the germination, fresh weight, leaf opening, and greening assays, seeds from the WT and T 4 generation transgenic homozygous Arabidopsis were surfaced-sterilized, and then were sown on 0.5× MS agar medium (supplemented or not with 300 mM and 350 mM mannitol, and 0.6 μM and 0.8 μM ABA). For the root length assay, seeds from the WT and transgenic homozygous Arabidopsis were germinated on 0.5× MS agar medium for 5 d, followed by transfer to fresh medium (in the absence or presence of 300 mM mannitol and 30 μM and 40 μM ABA, respectively) for vertical growth for 12 d before root length was measured and photographed. To test drought tolerance more vigorously at later developmental stages, water was withheld for 2 weeks from 3-week-old plants grown in soil in a growth chamber.
All experiments were repeated at least three times, and the results from one representative experiment are shown. The numerical data were subjected to statistical analyses using EXCEL 2007 and SPSS statistical software 13.0.
Stomatal aperture and stomatal density
Stomatal closure assays were conducted as described previously (Pei et al., 2000) . Leaves of rosette stage plants, of the same age and from the same relative positions, were sampled from WT Arabidopsis and GsWRKY20 overexpression (GsWRKY20ox) lines, and floated (abaxial side down) on opening buffer containing 30 mM KCl, 0.1 mM EGTA, and 10 M MES-KOH (pH 6.15) under lights for 2.5 h. Leaves were then transferred to a solution containing 30 mM KCl, 0.1 mM CaCl 2 , and 10 mM MES-KOH (pH 6.15), supplemented with 10 μM ABA for 2.5 h. Scanning electron microscopy (SEM) was used to examine the stomata as previously described (Lee et al., 2009b) . For statistical analysis of stomatal closure, three independent experiments were conducted with 200-300 stomata per genotype and experiment, and the ratios of length to width were determined (Ren et al., 2010) . Stomata size and density were also examined by SEM under normal growth conditions.
Microarray analysis
Three-week-old seedlings of the GsWRKY20ox line #28 and WT plants were harvested from 0.5× MS agar plates, and total RNA was isolated using Trizol reagent (Invitrogen, Carlsbad, CA, USA) and subjected to microarray experiments using Arabidopsis ATH1 Genome Arrays (Affymetrix). Three independent RNA samples were assayed and treated statistically. All microarray experiments including data analysis were carried out as described previously (Pernas et al., 2007) .
Scanning and transmission electron microscopy analysis SEM was used to view the epicuticular waxes. The inflorescence stem segments from the tip to a length of 2 cm of 6-to 7-week-old plants grown in soil were treated in 1% osmium tetroxide vapour for 24 h, air-dried for 3 d, and examined by SEM as described previously (Lee et al., 2009b) . For transmission electron microcopy (TEM), sections of stems and leaves were collected, prepared as described previously (Lee et al., 2009b) , and viewed with a transmission electron microscope (Hitachi H-7500), and the data regarding the thickness of the cuticle were collected and analysed.
Chlorophyll efflux and the rate of water loss Rosette leaves of 6-week-old plants grown in soil were used; ~1.5 g of each leaf sample was incubated on ice for 30 min and immersed in 30 ml of 80% ethanol in 50 ml conical tubes at room temperature. A series of 100 μl aliquots were taken every 10 min after initial immersion, and subjected to spectrophotometry (absorption measured at 647 nm and 664 nm) to quantify the amount of chlorophyll leached. The concentration (μM) of chlorophyll in the leachate was given by 7.93×A 664 +19.53×A 647 as described previously (Lolle et al., 1997) . The leaf water loss rate was assessed in detached leaves of 3-week-old plants. The leaves were weighed immediately, and then placed on a laboratory bench (40% relative humidity) and weighed at designated time intervals, in three replicates. The percentage loss of fresh weight was calculated on the basis of the initial weight of the leaves. All of the experiments comprised three replicates.
Results
Cloning and sequence analysis of the gene GsWRKY20
In a previous study, GsWRKY20 was identified as a putative stress response gene using large-scale G. soja microarrays (Ge et al., 2010) . The GsWRKY20 gene, containing a complete open reading frame (ORF) of 1080 bp, was cloned from G. soja. The predicted GsWRKY20 protein comprises 359 amino acids A homology search against the GenBank database showed that GsWRKY20 was homologous to WRKY TFs, especially with regards to the WRKY domains (Fig. 1A ). GsWRKY20 and AtWRKY63 belong to the group III WRKY TFs; both of them contain the single WRKYGQK motif and a C2HC-type zinc finger. AtWRKY18, AtWRKY40, and AtWRKY60 belong to the group IIa WRKY TFs; instead of a C2HC pattern, their WRKY domains contain a C2H2 motif. Determination of the evolutionary relationship among plant WRKY proteins involved in stress responses revealed that GsWRKY20 was clustered with the Group III WRKY proteins AtWRKY63 and OsWRKY45, whereas other WRKY stress-related proteins were clustered into other branches (Fig. 1B) , which is in agreement with the sequence alignment.
GsWRKY20 is a nuclear protein with transcriptional activation activity
To examine the subcellular distribution of the GsWRKY20 protein, the GsWRKY20-coding sequence was fused in-frame at the 5' end to GFP ( Fig. 2A) . Confocal imaging showed that the GsWRKY20-GFP fusion protein localized exclusively in the nuclei of onion (Allium cepa) epidermal cells in a transient expression assay (Fig. 2B) . As a control, the GFP protein alone was found in both the nucleus and cytoplasm. The nuclear localization of GsWRKY20 was consistent with its putative role as a TF.
To investigate whether GsWRKY20 possesses transcriptional activation activity, GsWRKY20 was fused to a GAL4 DNA-binding domain (Fig. 2C) , and its ability to activate transcription of GAL4 upstream activation sequence (UAS)-driven LacZ reporter gene expression was assayed. The yeast grew on the SD/-Trp medium and, using X-gal, it was found that both the positive control and the cells transformed with pGBKT7-GsWRKY20 exhibited β-galactosidase activity, whereas the negative control exhibited no β-galactosidase activity (Fig. 2D ). This indicated that GsWRKY20 possesses transcriptional activation activity.
Expression of GsWRKY20 is induced by ABA and abiotic stress
The expression pattern of GsWRKY20 in wild soybean was detected using qRT-PCR. Expression data for each time point under stress treatment was calculated in parallel to that under control conditions to eliminate the effect of diurnal fluctuations. GsWRKY20 expression was found to be up-regulated in leaves and roots by ABA, cold, salt, and drought. Although the time course and extent of up-regulation differed between the two tissues (Fig. 2E) , the induction of GsWRKY20 expression indicates that GsWRKY20 may be involved in ABA signalling and stress responses.
Overexpression of the GsWRKY20 gene decreases ABA sensitivity
To characterize further the function of GsWRKY20, the 35S::GsWRKY20 construct (Fig. 3A) was introduced into Arabidopsis. The semi-quantitative RT-PCR result is shown in Fig. 3B . Three independent homozygous T 3 transgenic lines (line 60, line 28, and line 15) with high expression of GsWRKY20 were randomly selected for further phenotypic analysis; these are hereafter referred to as GsWRKY20ox plants.
To test the ABA sensitivity of GsWRKY20ox plants, seeds were incubated for germination on 0.5× MS medium with 0.6 μM and 0.8 μM ABA. In the absence of ABA, both GsWRKY20ox lines and WT seeds showed identical germination behaviour; however, in the presence of ABA, seeds from the GsWRKY20ox lines germinated much faster than WT seeds (Fig. 3C) . On the other hand, the GsWRKY20ox seeds were able to develop healthy cotyledons subsequent to seed coat breakage and radicle emergence (Fig. 3D) . Further, the transgenic lines showed more open and green leaves than the WT, despite exposure to different concentrations of ABA for 12 d (Fig. 3F) ; as a result, the fresh weight (FW) of the overexpression seedlings was significantly greater than that of the WT (Fig. 3G) .
Different concentrations of ABA can inhibit both seed germination and seedling growth of Arabidopsis. The ABA sensitivity of root growth was further investigated. Fiveday-old seedlings grown on MS medium were transferred onto vertical agar plates containing MS medium supplemented with 30 μM and 40 μM ABA. When grown under the influence of ABA, WT root growth was significantly inhibited; however, GsWRKY20ox lines were not severely affected (Fig. 3E) . The roots of the GsWRKY20ox lines were significantly longer than those of WT plants (Fig. 3H) .
Overexpression of GsWRKY20 enhances plant drought tolerance
Since there is substantial evidence for cross-talk between signalling pathways regulating the response to ABA and drought stress (Jin et al., 2011; Frey et al., 2012) , the drought tolerance phenotype of the GsWRKY20ox lines was tested further. Mannitol was used for simulating drought stress. In the presence of mannitol, seeds from the GsWRKY20ox line had a faster rate of seed coat breakage and radicle emergence than WT seeds (Fig. 4B) . Additionally, the GsWRKY20 transgenic seeds were able to develop healthy cotyledons subsequent to seed coat breakage and radicle emergence (Fig. 4A) . The transgenic lines showed more qRT-PCR analysis of GsWRKY20 expression in the leaf and root of wild soybean in response to ABA, cold (4 °C), salt (200 mM NaCl), and dehydration (PEG 6000). Transcript levels relative to glyceraldehyde phosphate dehydrogenase (GAPDH) are presented for each treatment. Each value is the mean ±SE of three independent measurements. Significant differences from the WT are denoted by one or two asteriks corresponding to P < 0.05 and P < 0.01, respectively, by Student's t-test. open and green leaves than the WT (Fig. 4E) . When 5-dayold seedlings grown on 0.5× MS medium were transferred onto vertical agar plates containing 0.5× MS medium supplemented with 300 mM mannitol (Fig. 4C) , root lengths of the GsWRKY20ox lines were significantly greater than those of WT plants (Fig. 4F) . The capacity of GsWRKY20ox lines to respond to severe drought stress was next investigated. Watering of 3-week-old WT and transgenic plants was withheld for 2 weeks to dry the soil completely, then they were re-watered and cultured for a furhter week to determine the plant survival rate. As shown in Fig. 4D , WT plants became severely wilted and impaired after dehydration stress. The GsWRKY20ox lines displayed a significantly higher survival rate when compared with the WT (Fig. 4G) . Together, the data indicate that overexpression of GsWRKY20 enhances drought stress tolerance. 
GsWRKY20 positively regulates the expression of some stress-responsive genes under ABA and drought treatment
The drought and ABA response phenotypes of the GsWRKY20ox plants suggest that the expression of some stress-responsive genes might be altered in the GsWRKY20ox lines. To verify this possibility, expression of some stressinducible genes in WT and GsWRKY20ox plants under dehydration (RD29A, RD22, NCED3, P5CS, and KIN1) and ABA stess (RD29A, RD22, NCED3, COR47, KIN1, and COR15A) was examined. In the presence of ABA or drought stress treatments, all of these stress-responsive genes were up-regulated in the transgenic line, as compared with the WT. Although at some time points no statistically significant difference was exhibited, on average, the GsWRKY20ox line #28 showed higher transcript levels than the WT ( Supplementary Fig. S1 at JXB online). These results indicate that GsWRKY20 is critical for the expression of some stress-inducible genes.
Overexpression of GsWRKY20 promotes ABA-induced stomatal closure and decreases the stomatal density
A reduced water loss rate is a major factor contributing to drought tolerance; the leaves of all the transgenic lines showed a slower rate of water loss than those of the WT (Fig. 5A) , consistent with the increased drought tolerance of GsWRKY20ox lines. Because there is a close relationship between water loss and stomatal regulation, the stomata was further investigated. Stomata were fully opened prior to ABA treatment by incubation in opening buffer under strong light conditions for 2.5 h (Pei et al., 2000) . The length and width of stomata were measured, and the length/width ratio was used as a measurement of stomatal closure (Ren et al., 2010) . Without ABA treatment, WT plants showed the same length/width ratio of Fig. 4 . Overexpression of GsWRKY20 in Arabidopsis enhanced drought tolerance. All of the values represent the means of three fully independent biological replicates; error bars indicate the SD. Significant differences from the WT are denoted by one or two asterisks corresponding to P < 0.05 and P < 0.01, respectively, by Student's t-test. (A, B, E) Photographs (A), time course of seed germination (B), and quantitative evaluation of leaf opening and greening rate (E) at the seed germination stage on 0.5 ×MS, or 0.5× MS medium supplemented with 300 mM and 350 mM mannitol, between three overexpressing lines and the WT. Seeds were considered germinated when radicles completely penetrated the seed coat. Photographs were taken 12 d after stratification. Data shown represent the means (±SE) of three independent experiments (each with 100 seeds for each line). **P < 0.05 by Student's t-test. (C, F) Photographs (C) and measurements of root lengths (F) of WT and transgenic seedlings supplemented with mannitol. Five-day-old seedlings grown on 0.5× MS were transferred to new solid agar plates supplemented with 300 mM mannitol. Photographs were taken after 12 d growth on the supplemented media. All values are means (±SE) from three independent experiments (30 seedlings per experiment).**P < 0.05 by Student's t-test. (D, G) Three-week-old WT and transgenic Arabidopsis were grown without water for 2 weeks and re-watered for 1 week (D), and the measurements were taken of plant survival rates under drought treatment (G). All values are means (±SE) from three independent experiments (30 seedlings per experiment). **P < 0.05 by Student's t-test. stomata as transgenic lines; however, after treatment with ABA, GsWRKY20ox lines showed a higher length/width ratio of stomata than WT plants (Fig. 5B) . The larger length/width ratios indicate reduced stomatal opening; thus, the stomatal opening in GsWRKY20ox lines was much less than that in the WT after treatment with ABA. At the same time, the stomata which completely opened, partially opened, or completely closed were counted (Huang et al., 2009; You et al., 2013) under a fluorescence microscope. The results showed that 50% of stomata were completely closed in the WT plants, but ~65.6% were completely closed in the GsWRKY20ox lines; also, 26.7% of stomata were completely open in the WT plants, but only 16.4% were completely open in the GsWRKY20ox lines ( Supplementary Fig. S2 at JXB online). The results also indicated that GsWRKY20ox lines had reduced stomatal opening in response to ABA treatment. The above results suggest that although GsWRKY20ox lines exhibit a decreased sensitivity to ABA in terms of both germination stage and seedling growth, stomatal closure in GsWRKY20ox lines is more sensitive to ABA than that in the WT, with GsWRKY20ox lines exhibiting much smaller stomatal opening in response to ABA treatment. The drought tolerance of the GsWRKY20ox lines as well as the fact that much more stomatal closure was seen under exogenous ABA treatment suggests that GsWRKY20 may function in ABA-mediated drought stress response pathways.
Additionally, the stomatal size and density (stomata number mm -2 ) in WT and GsWRKY20 transgenic lines were compared by SEM (Fig. 5C ). There was no significant difference The ratio of the length to the width was used as a measurement of stomatal closure. Data were from one experiment with 200-300 stomata cells from leaves of three different plants with independent triplicates, and significant differences from the WT are denoted by two asterisks, corresponding to P < 0.01, by Student's t-test. (C, D, E) Photographs (C), and comparisons of stomatal size (D) and density (E) in WT and homozygous 35S::GsWRKY20 lines; values represent the means (±SE) from three fully independent biological replicates. Significant differences from the WT are denoted by one asterisk corresponding to P < 0.05 by Student's t-test. in terms of the average stomatal size between the overexpression lines and WT plants (Fig. 5D) . The density of the stomata, on the other hand, had significantly decreased in the overexpression lines (Fig. 5E ). The reduced stomatal density might be the key factor contributing to the reduced rate of water loss in GsWRKY20ox leaves.
GsWRKY20 promotes the expression of wax biosynthetic genes and accumulates cuticular wax
To obtain other clues about how GsWRKY20 increases drought tolerance, microarray assays were performed using the Affymetrix ATH1 Gene Chip under normal conditions. Differentially expressed genes were identified after statistical analysis; ~416 genes were up-regulated (≥1.5-fold change) in the GsWRKY20ox lines ( Fig. 6A ; Supplementary data set at JXB online). A major functional category of the up-regulated genes included those encoding a subset of wax biosynthetic enzymes (Fig. 6B) , such as CER1, CER2, CER3, CER4, LTP, MAH1, WSD1, LACS2, KCS2 , and KCS7, which were also randomly selected and verified by qRT-PCR (Fig. 6C) , suggesting that cuticular wax biosynthesis and transport are broadly influenced in the GsWRKY20ox line. Observation also showed that the stems of GsWRKY20ox lines had a much more glaucous appearance than the WT plants (Fig. 7A) . These results suggest that GsWRKY20 is related to cuticular wax biosynthesis. To address this hypothesis, the wax accumulation on the stem surfaces observed with SEM was first checked. Careful observation found that the surfaces of GsWRKY20ox lines were more densely covered by wax crystals; while in WT plants, in contrast to the GsWRKY20ox lines, fewer and shorter wax crystals were observed on the surfaces (Fig. 7D) . As some wax-related mutants display alterations in their cuticle Genes up-regulated >1.5-fold in the GsWRKY20 overexpression line compared with the WT are listed in the Supplementary data set at JXB online. The P-values were corrected for multiple testing using FDR (false discovery rate) methodology. The group of genes was classified based on their biochemical functions. AGI, Arabidopsis Genome Initiative number; FC, fold changes. (C) qRT-PCR of wax biosynthetic gene expression. Total RNAs were extracted from 3-week-old whole plants grown on 0.5× MS agar. Transcript levels relative to ACTIN2 are presented for each treatment. Each value is the mean ±SE of three independent measurements. Significant differences from the WT are denoted by one or two asterisks corresponding to P < 0.05 and P < 0.01, respectively, by Student's t-test. membranes (Lee et al., 2009a; Lu et al., 2009; Wang et al., 2012) , TEM was applied to observe and measure the thickness of the cuticle. TEM analysis showed that the cuticle of GsWRKY20ox lines was significantly thicker than that of the WT, in both the leaves and the stems (Fig. 7B, E) . These results suggested that GsWRKY20 was involved in the positive regulation of wax biosynthesis and cuticle formation. In order to determine whether the increased amount of epicuticular wax crystals on the surface of GsWRKY20ox lines is attributed to the reduction of the nonstomatal water loss rate, chlorophyll leaching assays were conducted. The data showed that GsWRKY20ox lines had much less chlorophyll leaching compared with the WT (Fig. 7C) , which is certainly due to cuticular wax accumulation. These observations indicate that GsWRKY20-mediated cuticular wax accumulation is linked to the drought resistance response.
GsWRKY20 regulates the expression of some key ABA signalling regulators
The differentially expressed (P < 0.05) genes obtained from the microarray also include some ABA-responsive genes, and some of them are the key ABA signalling regulators, such as ABI1 and AtWRKY40, which act as negative regulators of ABA signalling (Nishimura et al., 2010; Shang et al., 2010) . Because the fold changes of ABI1 and AtWRKY40 were not very large under normal conditions, their expression was further analysed under 100 μM ABA treatment by qRT-PCR. As shown in Fig. 8 , in general, ABI1 and AtWRKY40 in overexpression lines exhibited a substantially greater transcript level than those in WT plants after ABA treatment (Fig. 8) . Because ABI1 and ABI2 have overlapping roles in controlling ABA action (Leung et al., 1997; Merlot et al., 2001) , ABI2 gene expression was further analysed and it was found to exhibit a substantially greater transcript level than WT plants after ABA treatment. ABI1 and ABI2 had similar temporal expression patterns in response to ABA; although the timing, and intensity, differed between the two genes, both of them peaked after 6 h of ABA treatment (Fig. 8) . ABI5, ABI4, and ABF4 are genetically well-characterized ABA signalling regulators that control seed germination and post-germination growth (Finkelstein et al., 1998; Finkelstein and Lynch, 2000; Kang et al., 2002; Lopez-Molina et al., 2002) . The ABI1 and ABI2 phosphatases act upstream of ABI5 (Brady et al., 2003) , and AtWRKY40 directly represses ABI5, ABI4, and ABF4 expression (Shang et al., 2010; Liu et al., 2012) ; thus whether their expression was repressed in GsWRKY20ox was investigated. As shown in Fig. 8 , the expression levels of these genes were similar between the WT and GsWRKY20ox lines under normal conditions; however, they were found to be notably lower in the transgenic plants after ABA treatment compared with WT plants. ABI4 and ABI5 expression was further assayed in the germinating seeds of the WT and GsWRKY20ox plants. Because the two genes are expressed at a low level in seedlings after germination (Lopez-Molina et al., 2001; Finkelstein et al., 2002; Shang et al., 2010) , seeds were incubated for 48 h on 0.5× MS medium with or without 0.8 μM ABA; in the absence of ABA, there was no difference in the the transcript levels of ABI5 and ABI4 between the GsWRKY20ox germinating seeds and WT seeds (Supplementay Fig. S3 at JXB online). However, in the presence of ABA, the transcript levels of ABI4 and ABI5 in GsWRKY20ox germinating seeds were significant lower than those of WT seeds, suggesting that expression of ABI5 and ABI4 was negatively regulated by GsWRKY20 in response to ABA signalling. Taken together, the findings consistently show that GsWRKY20 regulates the expression of some key ABA signalling regulators.
Discussion
It has been documented that the reduction of the water loss rate is a major factor contributing to drought tolerance. Transpirational water loss through the stomata is a key determinant of drought tolerance (Xiong et al., 2002) . Waxes are also closely linked with drought resistance responses; cuticular wax accumulation is another important stress adaptation strategy that minimizes cellular and organismal dehydration under drought stress conditions in plants Navarro et al., 2011) . Water deficit and osmotic stresses significantly increase accumulation of cuticular waxes in many plant species, such as Arabidopsis (Seo et al., 2011) , Medicago (Zhang et al., 2005) , rice , and soybean (Kim et al., 2007) .
Here, it was found that overexpression of GsWRKY20 caused a reduction of stomatal density and a decreased water loss rate (Fig. 5) . It is probable that the reduction in the number of stomata leads to reduced transpiration during the drought period, although it cannot be ruled out that other changes caused increased efficiency of uptake of water in the GsWRKY20ox lines. The cuticular framework is maintained by cutin, a plant-specific polymer that consists of C16 and C18 hydroxy-and epoxy-hydroxy fatty acids and glycerol monomers. The C16 and C18 fatty acids synthesized are further elongated to very long chain fatty acids (VLCFAs; C20-C34) by fatty acid elongase complexes. KCS and KCR, which are involved in fatty acid elongation, are up-regulated in the GsWRKY20ox lines. Those enzymes involved in the subsequent reactions, such as CER3 and MAH1, which are involved in the decarbonylation pathway, CER4 and WSD1, which are involved in the acyl reduction pathway, and additional genes encoding lipid transfer protein (LTP) transporters, are also up-regulated in the GsWRKY20ox lines (Fig. 6) . It is therefore proposed that GsWRKY20 may act as a master transcriptional regulator for cuticular wax biosynthesis and accumulation in response to drought. This hypothesis Fig. 8 . GsWRKY20 regulates the expression of some key ABA signalling regulators. qRT-PCR was used to analyse ABA-responsive gene expression. Total RNAs were extracted from 2-week-old whole plants grown on 0.5× MS agar. Transcript levels were examined as described in Fig. 2E . Each value is the mean ±SE of three independent measurements. Significant differences from the WT are denoted by one or two asterisks corresponding to P < 0.05 and P < 0.01, respectively, by Student's t-test. is addressed by the observation that the GsWRKY20ox lines have far more wax crystals and form a thicker cuticle than the WT (Fig. 7) . Furthermore, the increased accumulation of wax which is regulated by GsWRKY20 reduces the nonstomatal water loss, which was proved by the much reduced chlorophyll leaching and a slower rate of stem water loss in GsWRKY20ox lines than in the WT. Thus, the results demonstrate that the increased accumulation of wax which is regulated by GsWRKY20 is another mechanism by which GsWRKY20 enhances drought tolerance.
It has been shown that changes in cuticular wax accumulation and composition influence epidermal properties. Several genes have been implicated in the functional relationship between cuticle formation and stomatal development, such as KCS2, CER1, CER3/WAX2/YRE/FLP1, CER8/LACS1, and LACS2; all of them are the key enzymes in wax biosynthesis, and also negatively regulate stomatal density or the stomatal index (Gray et al., 2000; Chen et al., 2003; Schnurr et al., 2004; Rowland et al., 2007; Lu et al., 2009) . Most of these genes are up-regulated by GsWRKY20. The stomatal density is also altered in the GsWRKY20ox lines, and this suggests that the effect of GsWRKY20 on stomatal number may be mediated through the cuticular wax composition, which substantiates the concept that the composition of wax in the cuticle affects epidermal cell differentiation (Bird and Gray, 2003) .
Interestingly, the reduced stomatal density which is regulated by GsWRKY20 did not affect plant growth, although gas exchange might be limited by a reduced number of stomata. For most C 3 plants, the net CO 2 assimilation rate saturates as stomatal conductance increases because of non-stomatal limitations, such as the regeneration of ribulose 1,5-bisphosphate (Zeiger and Field, 1982) . Therefore, a lower stomatal density does not mean lower CO 2 assimilation and biomass accumulation; an alteration in stomatal development might have no concomitant effect on CO 2 assimilation. Some previous studies also substantiate this concept; for example, both overexpression of HDG11 and mutation of GTL1 reduced stomatal density and improved drought tolerance, but did not affect CO 2 assimilation and biomass accumulation (Yu et al., 2008; Yoo et al., 2010) . ABA acts as a developmental signal and as an integrator of environmental cues such as drought.
Previous studies show that ABI1 and ABI2, and AtWRKY40 are the key regulatory components of the ABA receptors RCARs and ABAR, respectively. They are key players in ABA signal transduction, and act by negatively regulating ABA responses. ABI1, ABI2, and AtWRKY40 were up-regulated by GsWRKY20, whereas ABI5, the downstream gene of ABI1, ABI2, and AtWRKY40, which is a positive regulator of ABA signalling, was down-regulated in the GsWRKY20ox lines. The significant up-regulation of ABI1 and ABI2 is consistent with the observed ABA-insensitive phenotypes in seed germination and seedling growth. Some reports showed that ABI1/2-up-regulated plants exhibited decreased stress tolerance and ABI1/2-down-regulated plants exhibited increased stress tolerance (Jung et al., 2008; Seo et al., 2010) ; however, ABI1/2-up-regulated plants do not always show a decreased tolerance to drought and ABI1/2-down-regulated plants also do not always show an increased tolerance to drought. For example, transgenic Arabidopsis plants overexpressing GmbZIP44, GmbZIP62, or GmbZIP78 showing reduced ABA sensitivity were more tolerant to abiotic stress and may function in ABA signalling through up-regulation of ABI1 and ABI2 (Liao et al., 2008) . Overexpression of SiPLDa1 in Arabidopsis improves its drought tolerance, and ABI2 transcripts were also increased (Peng et al., 2010) . Also transgenic plants overexpressing ZmPP2C showed lower expression of ABI1 and ABI2, and less drought tolerance (Liu et al., 2009) . Stress tolerance depends upon plant physiology and the expression of stress response genes; the improvement of drought tolerance is the result of their integrated effects.
As the overexpression of GsWRKY20 resulted in up-regulation of cuticular wax biosynthesis, ABA signal transduction, and ABA response genes, it was postulated that GsWRKY20 functioned as a transcriptional regulator, acting as a master regulator of downstream stress response pathways. The current findings appear to rule out a role in transcriptional repression; insofar as a fusion of GsWRKY20 and the GAL4 DNA-binding domain could induce LacZ expression in yeast, this leaves the possibility that GsWRKY20 may act as an activator of gene expression. In this regard, GsWRKY20 negatively regulates ABA signalling, possibly directly via transcriptional activation of a number of negative regulators, such as ABI1, ABI2, and AtWRKY40, or indirectly by repressing the expression of ABA positive regulators, such as ABI5, via the negative regulators.
On the other hand, many plant TFs form hetero-or homodimers, affecting DNA-binding specificity and affinity for cis-elements. A previous study indicated that WRKY transcription factors can also dimerize. For example, AtWRKY18, AtWRKY40, and AtWRKY60 interact both physically and functionally in a complex for plant responses to different pathogens (Xu et al., 2006) ; the soybean protein GmWRKY27 can also form homodimers, but does not form heterodimers (Zhou et al., 2008) . In a future study, the possibility of whether GsWRKY20 works in a complex with other proteins needs to be explored.
Another interesting observation is that although GsWRKY20ox lines exhibited a decreased sensitivity to ABA in both the germination stage and during seedling growth, GsWRKY20ox plants did not show reduced sensitivity to ABA-mediated stomatal closure, and stomata closure is even more sensitive to ABA than that in the WT. Drought stress always induces ABA biosynthesis and accumulation (Rock, 2000) ; thus, the present data suggest that the drought tolerance phenotypes exhibited by the GsWRKY20ox plants may also be attributable to the stomatal closure under drought treatment. The results also suggest that there may be different signalling pathways for the ABA-mediated effects on germination or seedling growth and ABA-induced stomatal closure. This concept is also proved by the study of the AtWRKY63 gene. In contrast to the reduced ABA sensitivity of guard cell movement, a mutation in AtWRKY63 resulted in an increased sensitivity of both seed germination and root growth to ABA (Ren et al., 2010) . In this case, sensitivity to ABA is not necessarily accompanied by an increase in stress tolerance in plants. Thus, GsWRKY20 appears to play a negative role in the inhibition of seed germination and seedling growth by ABA, but plays a positive role in ABA-mediated stomatal closure.
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Supplementary data set. Up-regulated genes in the GsWRKY20ox line #28 (≥1.5-fold change). Figure S1 . GsWRKY20 positively regulates the expression of some stress-responsive genes. Figure 2 . GsWRKY20 promotes ABA-induced stomatal closure. Figure 3 . Expression of ABI5 and ABI4 in WT and GsWRKY20 overexpression plants 48 h after stratification of germinating seeds. Table S1 . Gene-specific primers used for qRT-PCR assays.
